Ciliary alignment is considered necessary to establish respiratory tract 4 mucociliary clearance, and disorientation is o en associated with primary 5 ciliary dyskinesia. erefore, there is an urgent need for a detailed analy-6 sis of ciliary orientation (CO). We used volume electron microscopy to ex-7 amine CO relative to the tracheal long axis (TLA) by measuring the inter-8 and intracellular basal body orientation (BBO) and axonemal orientation 9 (AO), which are considered to coincide, both equivalently indicating the 10 e ective stroke direction. Our results, however, reveal that only the mean 11 BBO is aligned with the TLA, whereas the AO determines the e ective 12 stroke direction as well as the mucociliary transport direction. Further-13 more, we show that even if the mean CO is conserved across cell bound-14 aries, a considerable gradient in CO exists within individual cells, which 15 we suspect to be crucial for the emergence of coordinated ciliary activity. 16 1 Our ndings provide new quantitative insight into CO and correlate this 17 new structural information with mucociliary function. 18 Introduction 19 e epithelium of the tracheobronchial tree constitutes a self-cleaning surface, which mainly 20 consists of secretory goblet cells and ciliated cells. Dust and infectious particles enter the 21 respiratory tract when breathing. Due to adhesion, these particles get entrapped by the mucus 22 layer lining the inner surface of the airways. Coordinated movements of billions of subjacent 23 cilia then propel the overlying mucous carpet towards the larynx, thereby cleaning the lungs 24 from inhaled substances. 25 Cilia are hair-like protrusions of the cell membrane with a particular cytoskeletal sca old 26 called axoneme. e ciliary axoneme consists of an evolutionary preserved 9+2 microtubular 27 structure: a central pair is surrounded by nine circularly aligned microtubule doublets. e 28 microtubules arise from the basal bodies, which are anchored to the cytoskeleton and serve as 29 nucleation sites for the growth of axonemal microtubules. e chiral structure of the axoneme 30 as well as of the basal foot appendage allows to unequivocally determine ciliary orientation 31 (CO). 32 e physical orientational alignment of motile cilia along the proximal-distal axis of the 33 airways is a prerequisite for concerted directional ciliary movement and the generation of 34 directed uid ow (e.g. Vladar et al. (2015); Guirao and Joanny (2007)). Studies a empting to 35 quantify the orientation of respiratory cilia usually determined the direction of the assumed 36 ciliary beating plane, or more speci cally, the direction of the 'e ective stroke' (or 'power 37 stroke'). According to the literature, the e ective stroke direction is unambiguously de ned, 38 and can be inferred from two chiral ciliary structures: 1) the ciliary beating plane is assumed 39 to be perpendicular to the central pair of microtubules, and in particular, the e ective stroke 40 is assumed to be directed from doublet 1 towards the gap between doublet 5 and 6 Satir and 41 Christensen (2007); Satir et al. (2014). 2) e direction indicated by the tip of the basal foot 42 appendage is considered to point into the direction of the e ective stroke (e.g. Vladar et al. 43 (2015); Gibbons (1961); Satir and Dirksen (1985)), which is sometimes also supposed to indicate 44 2 the direction of uid ow (e.g. Marshall and Kintner (2008); Chien et al. (2013); Satir and 45
Results
An overview of all determined angular values for the basal body orientation (n = 1661) and 106 the axonemal orientation (n = 1998), is provided in Table 1 and Table 2 , respectively. e data ∆ i . e associated SE σ ∆ i was calculated according to: σ ∆ i = σ 2 Θ i /n Θ i + σ 2 ω i /n ω i , where n Θ i 139 and n ω i denote the number of measurements for the AO and the BBO performed in the sample 140 block i, respectively. σ Θ i and σ ω i denote the respective standard deviations. As the di erence 141 ∆ represents an angular observable, i.e. an intermediate angle, each ∆ i was transformed into 142 the unit vector ì R ∆ i , which was subsequently weighted by its inverse SE. e mean di erence 143 ∆ c is nally given by the direction of the weighted mean resultant vector ì R ∆ :
e SE of the mean di erence was estimated by the pooled SE. is approach yields the fol-145 lowing estimate for the mean di erence between the axonemal and the basal body orientation:
147
In conclusion, we found that the tip of the basal foot and the arrow drawn perpendicular with the tracheal long axis pointing towards the larynx, respectively. While the laryngealdirected TLA is contained in the σ -con dence interval for the mean BBO, the mean AO di ers 151 with a high signi cance (at the 4σ -level C ì
α ( ì wa e ) c = 11.7 ± 6.8 0 10
α( ì k backward ) c = 178.6 ± 8.2 Figure 2 : A: mean tracer transport velocities representing the mucociliary ow velocities ( ì f low ). B: distribution of the propagation velocity of the 'mean wave' ( ì wa e ). C: mean wave vectors representing the 'mean harmonic plane wave' propagating into the pharyngeal direction (black vectors) and the 'mean harmonic plane wave' propagating into the opposite direction (gray vectors). D-F: radial histograms generated by the extraction of the corresponding propagation directions displayed in the rst row (A-C). e arrows represent the respective sampling corrected circular mean values. e histogram shown in Fig.3 provides an overview of how much intracellular mean di-178 rections deviate between neighboring cells. In total, the distribution of 35 absolute di erences 179 between intracellular means as inferred from the AO and 17 absolute di erences between in-180 tracellular means as inferred from the BBO is illustrated. It is evident that intracellular mean 181 orientations di er only slightly between cells: the median of the absolute di erence of the 182 AO and the BBO amounts to 4.9 • . is value re ects a remarkable highly organized CO on a 183 pluricellular level. In order to test whether pairs of cells share the same mean direction, we calculated Welch's 185 t-intervals with a signi cance level of α = 1%. e resulting con dence intervals for the dif- 
C.I. for Differences of Intracellular Means [°]
Figure 4: e graph shows 99%-Welch's t-con dence intervals for the di erence between intracellular means. Light gray and dark gray intervals correspond to AO and BBO values, respectively. e dots and triangles indicate the di erence between intracellular means in AO and BBO, respectively. e x-tick labels specify which pair of cells are being compared: for instance, the label 'A1LA2C23' denotes the di erence of intracellular means between cell 2 and cell 3 ('C23') determined on the second image stack, which was derived from ligamentum annulare ('LA2') from animal 1 ('A1'). contradiction from the last point gets resolved by the fact that our sampling was not ran-206 dom (biased representation of the population), which is caused by spatially non-isotropically 207 distributed data being subject to spatial correlations.
208
In order to complement the pairwise comparisons between intracellular means, we used 209 a global descriptive approach to analyse the impact of cell boundaries on CO. is additional 210 approach is based on the comparison of the orientational discrepancy in-between pairs of cilia 211 picked from the same cell with the discrepancy in-between pairs of cilia picked from distinct 212 cells. erefore, two sets of angular deviations (in BBO and AO) within each possible pairwise 213 combination of cilia were constructed: 1) the set of angular deviations within each possible 214 intracellular combination of cilia pairs, which are referred to as IntraBBO and IntraAO, and 2) cilia, which are referred to as InterBBO and InterAO. e construction of these combinatorial 217 sets is formally denoted in Eq.2 and Eq.3,
where BBO, AO indicates that the sets were constructed with respect to both orientational 
Spatial Correlations in CO
In consideration of Tobler's rst law of geography Tobler (1970): 'everything is related to every-232 thing else, but near things are more related than distant things', we used geostatistical methods 233 in order to investigate the spatial dependence of our spatially irregularly distributed data. In order to measure spatial similarity (or rather dissimilarity in our case) we made use of the so-237 called empirical madogram, which is a rst order version of the empirical variogram Legendre 238 and Legendre (1998); Mathur (2015). We used a radial (one-dimensional) version, denoted in 239 the following as |∆α | (r ± δ r ), which provides a measure of how much the orientation of two 240 cilia (α i and α j ) separated by a certain distance deviate from each other and which is de ned 241 as:
To put it simply, |∆α | (r ± δ r ) denotes the average angular deviation between pairs of cilia 243 located at ì r i , ì r j , which fall into a certain distance class r ± δ r , i.e. r − δ r ≤ ||ì r i − ì r j || ≤ r + δ r .
244
N (r ± δ r ) denotes the number of all pairs of cilia located in respective distance classes. In 245 practice, |∆α | (r ± δ r ) is constructed as follows: for N cilia all N 2 possible pairs are built and 246 subsequently, the associated distances as well as the angular deviations are determined. A er 247 choosing a certain distance class width (2δ ), the average angular deviation in each distance 248 class is calculated. Note that the distance between two cilia located at ì ing two-dimensional variograms, denoted as |∆α | (∆x ± δ x , ∆ ± δ ), which was calculated 254 according to:
e directional, or two-dimensional, variogram was applied in its unsigned version (accord-256 ing to the formulation in Eq.5), as well as in its signed version, i.e. ∆α c (∆x ± δ x , ∆ ± δ ).
257 e horizontal and vertical distances between two cilia located at ì r i and ì r j , i.e. ∆x ij and ∆ ij ,
258
were determined a er geodesically projecting the coordinates of the respective cilia. In simple 259 terms, the three-dimensional curved cellular surface was a ened by an approximate geodesic 260 mapping on a two-dimensional plane. Subsequently, the spacing between the projected coor-261 dinates, denoted by ∆x and ∆ , were determined.
262

Direction of Intracellular Gradients in Cilia Orientation
263
In order to determine the direction of clockwise de ection between two cilia located at ì r i and 264 ì r j , respectively, we introduced the angle β, which is de ned as:
In Eq.6, sgn(x) denotes the sign function. ∆α represents the angular di erence between cilium 266 i and cilium j: ∆α = α i (ì r i )−α j (ì r j ). Finally, ∆ and ∆x are given by the projection of the relative 267 distance vector (ì r i − ì r j ) on the -and x-axis, respectively. a 'morphological wave-like pa ern' (see Fig.6B ). Unfortunately, the available data sets can 307 neither prove nor disprove such a pluricellular pa ern. is would require to examine larger 308 elds of view providing spatially isotropically distributed data.
309
As can be seen in Fig.6C , the signed intracellular variograms show evidence of an intra- cellular gradient in cilia orientation: CO gradually shi s in clockwise direction from the right 311 to the le perpendicularly to the TLA (view on the epithelium of the ventral tracheal wall).
312
In order to prove that the alleged intracellular orientational gradient can not be caused by 313 outliers, we used Moran's I, which can be transformed to z-scores (e.g. Mathur (2015) In approximately 90% of cells, for which we were able to measure at least 30 values for the 320 AO or the BBO, cilia orientation gradually shi ed in a clockwise direction when seen from the 321 right to the le perpendicularly to the TLA, as shown in Fig.6D .
322
Discussion and Conclusions 323 e use of a scanning electron microscope equipped with a 3view module allowed the two-fold 324 measurement of the CO in terms of the axonemal orientation (AO), which was unambiguously 325 derived from the central pair orientation (Fig.7) , and in terms of the basal body orientation 326 (BBO), which was determined by the direction indicated by the tip of the basal foot (Fig.8) . part of the trachea). e average AO was found to be de ected in clockwise direction from 334 the TLA by 23 • ± 6 • . e average di erence between the AO and the BBO was determined to 335 be 19 • ± 2 • . e fact that the direction indicated by the basal foot does not coincide with the 336 axonemal orientation clearly disproves the so far commonly accepted presumption that the 337 e ective stroke direction can equivalently be inferred from the ciliary ultrastructure by either 338 the AO, or the BBO.
339
In order to reinterpret the meaning of these two structurally derived angular observables 340 for mucociliary function, we related them to functional observables, i.e. to the mucociliary 341 transport direction and to the wave propagation direction, which were previously determined 342 on bovine trachea explants by using re ection contrast microscopy Burn (2009). e mi-343 croscopy setup as well as the applied image processing methods were previously described e ciliary beating plane is commonly assumed to be orthogonal to the line connecting the 493 central microtubule pair. e ciliary e ective stroke is then assumed to point from the micro-494 tubular doublet 1 towards the gap between the microtubular doublets 5 and 6 ( Fig.7A) . is A B C D Figure 7 : e panels A-D illustrate the measuring of the axonemal orientation. A: Transmission electron micrograph illustrating the assumed ciliary e ective stroke direction being perpendicular to the line connecting the central pair and pointing from peripheral doublet 1 towards the gap between peripheral doublets 5 and 6. B: three points a,b and c labelling the coordinates of the central pair and the gap between peripheral doublets 5 and 6, respectively. C: line M connects the two central microtubules. e axonemal orientation is then indicated by the arrow N. D: Finally, Θ represents an unambiguous observable for the axonemal orientation with respect to the TLA, which coincides with the dashed vertical arrow V pointing towards the larynx.
Basal Body Orientation (BBO)
Due to the lack of a quantitative study proving the equivalence of the two orientational ob-507 servables, we decided to measure the orientation of each cilium two-fold (whenever possible), 508 by means of the AO as well as the BBO. e orientation of the basal foot with respect to the 509 TLA was determined from two coordinates: the rst indicating the center of the basal body 510 and the second indicating the tip of the basal foot appendage. As illustrated in Fig.8 , the angle 511 ω, which is enclosed by the arrow 'P' (pointing from the center of the basal body towards the 512 tip of the basal foot) and the vertical arrow 'V', represents an unambiguous observable for the 513 basal body orientation. Figure 8 : A: e basal body orientation was unambiguously de ned by the basal foot orientation, which was measured by the angular observable ω enclosed by the arrow 'P' and the dashed arrow 'V'. e arrow 'P' points from the center of the basal body to the tip of the basal foot and the dashed arrow 'V' coincides with the long axis of the trachea and points into laryngeal direction. B: the axonemal orientation as well as the basal body orientation were measured in terms of the angular deviation from the tracheal long axis pointing into laryngeal direction (vertical arrow).
514
Finally, the axonemal orientation (Θ) as well as the basal body orientation (ω) was reported 515 in terms of the angular deviation from the TLA (pointing into laryngeal direction) according 516 to the convention illustrated in Fig.8B Berens (2009) is then given as
e direction γ c of the mean resultant vector ì R , nally represents the mean direction: Figure Supplement 1: e graphs illustrate the variation of the e ective stroke direction along the ciliary long axis (z-axis) for nine cilia derived from the same sample (A1LA2). e (quasi) three-dimensional graph at the top illustrates the (right-handed) ciliary twist along the ciliary long axis. e lower graph presents the angular measurements of cilium 1-9 illustrated at the top (triangles correspond to BBO-inferred values and circles to AO-inferred values). e abscissa indicates the vertical distance from the cu ing plane in which the basal foot orientation was measured. e grey line results from interpolating and slightly smoothing the data sets. As it can be seen, the e ective stroke direction as inferred from the axonemal orientation varies considerably along the ciliary long axis. erefore, great care was especially taken in order to measure the axonemal orientation as close as possible to the apical cell surface. 37
